found that the decrease in FRC leads to a decrease in lung compliance and proposed that elevating lung volume would restore compliance towards its pre-anaesthetic level. It has been suggested that positive airway pressure might counter the decrease in FRC during anaesthesia. However, positive endexpiratory pressure (PEEP) in anaesthetized subjects with normal cardiorespiratory function decreases cardiac output. 2 As well, PEEP applied to dogs decreased static and dynamic lung compliance in spite of an increase in lung volume.* This decrease in compliance was reversible by the application of sighs. As a result of these considerations, positive airway pressure has not found wide application in anaesthesia.
Functional residual capacity (FRC) decreases during general anaesthesia. This may be attributed, in part, to a loss of volume from atelectatic units in the dependent regions of the lungs. J Loss of lung volume may account for the increase in shunt which accompanies general anaesthesia.2 Westbrook et al. 3 found that the decrease in FRC leads to a decrease in lung compliance and proposed that elevating lung volume would restore compliance towards its pre-anaesthetic level. It has been suggested that positive airway pressure might counter the decrease in FRC during anaesthesia. However, positive endexpiratory pressure (PEEP) in anaesthetized subjects with normal cardiorespiratory function decreases cardiac output. 2 As well, PEEP applied to dogs decreased static and dynamic lung compliance in spite of an increase in lung volume.* This decrease in compliance was reversible by the application of sighs. As a result of these considerations, positive airway pressure has not found wide application in anaesthesia.
Periodic sighs increase lung compliance as shown in dogs by Mead and Collier 5 and in humans by Bendixen et al. 6 However, Nunn et al. 7 and Douglas et al. s were unable to confirm the increase in compliance with sighs. The differences in their results may be due to different protocols for sigh frequency, duration and plateau pressure attained. Even if periodic sighing were proved to be effective, this modality would be restricted to intubated subjects because sighs require high airway pressures.
A new, non-invasive technique which we termed "volume recruitment" has been introduced for measuring respiratory mechanics in spontaneously breathing animals and infants. 9 In this technique lung volume increases during spontaneous inspiration while expiration is occluded for three or four breaths. It offers the advantage that it may be performed by either mask or tracheal tube. Although this technique has been applied to neonates with and without lung disease with no apparent deleterious effects, 9 the changes in FRC, compliance, gas exchange and cardiac output have not been reported. We therefore applied the volume recruitment manoeuvre to seven anaesthetized infant swine in order to investigate its cardiopulmonary effects. 
Methods
With approval of the local animal care committee, seven infant swine, 2.8 to 7.0 kg, ten days to three weeks of age, were studied. After an overnight fast, the swine was positioned supine under an overhead radiant heater to maintain body temperature. Anaesthesia was induced with halothane in a 2:1 mixture of N20 and oxygen. A cuffed 3.5 mm tracheal tube was inserted following application of lidocaine spray to the larynx. Anaesthesia was maintained with a halothane/N20/O2 mixture delivered via a Bain circuit. Ventilation was spontaneous and positive airway pressure was avoided before the manoeuvre. The end-tidal concentration of halothane, as determined by infrared analysis, was maintained between 0.7 and 1.23 per cent. The ECG was continuously monitored. The femoral artery and vein were cannulated with 5 Fr. feeding catheters, and the arterial blood pressure was measured via a transducer (Statham 2306). Lactated Ringer's solution, 20 ml-kg -I body weight was infused before the study commenced. Airway pressure was measured through a side port on the trachea] tube connector (Honeywell 142PCO1G). A heated size O pneumotachograph (Hewlett Packard 47303A digital pneumotachograph) was connected to the tracheal tube. The flow ('v'), volume (V) and airway pressure (P) signals were recorded on magnetic tape and the V, P, BP and ECG signals were recorded on a Gould 8188 strip chart recording system. A Y-shaped apparatus (Rudolph 1530), with two valves to ensure unidirectional flow of gas, was connected to the pneumotachograph. The Bain circuit was connected to the inspiratory port of the apparatus such that fresh gas flow entered the inspiratory port and expiratory gas was vented to the room via the expiratory port ( Figure  1 ). During spontaneous breathing the expiratory port of the apparatus was occluded at end inspiration. Expiration was therefore occluded and the V and P signals rose to a plateau (Figure 2 ). During the following unimpeded inspiration, volume increased above the tidal volume range and the subsequent expiration was again occluded. Following three breaths the occlusion was released at mid-expiration and tidal breathing resumed (Figure 2) .
From two to seven manoeuvres were carded out in each swine. The following measurements were made prior to and immediately after each manoeuvre: tidal volume (VT) and frequency (f), PaCO2, and the arterial to alveolar oxygen gradient (D(A-a)PO2) calculated using the alveolar gas equation from arterial blood and end-tidal gas (Coming 175 automatic gas analyscr). The analyser underwent calibration with known gas mixtures (Linde Mixed Medical Gas primary standards) no more than one-half hour before the measurement and had mean 1.5 per cent coefficient of variation (CV) for repeated PC z determinations and 3.0 per cent CV for PCOz. In six swine cardiac output (CO) using a dye dilution technique (indocyanine green) was aiso determined before and after each manoeuvre. The change in end-expiratory volume was measured from the paper record. In four swine, total respiratory compliance was measured by the passive flow-volume (PFV) manoeuvre of l.,cSouef et al. lO In three swine functional residual capacity (FRC) was measured by closed circuit helium dilution in triplicate prior to the first volume recruitment manoeuvre. F1GURE 2 Volume (Vr) and pressure (P) signals from an infant swine during the volume recruitment manoeuvre. Expiration is occluded while the subject progressively re.emits volume during three unoecluded inspirations. VT and f increase following the release of the occlusion while there is no change in the blood pressure (BPI or in the ECG. Blood sampling resulted in the interruptions in the BP signal.
Diaphragmatic EMG was measured from two electrically isolated electrodes sewn into the costal diaphragm through a small midline epigastric laparotomy. The signals were relayed through an isolated EMG preamplifier and a medium gain amplifier (Coulbourue $75 04B) with audio amplifier. The signal was recorded on magnetic tape and subsequently electronically processed to a moving time average (MTA). ~ ~ Diaphragmatic F_JVlG was recorded throughout the test period in these swine.
During the last volume recruitment manoeuvre but prior to the release of the occlusion, the swine was paralysed by rapidly infusing IV veeuronium (0.5 ml .kg-1). Twenty seconds afar the release of the expiratory occlusion controlled ventilation was initiated. The swine was then killed with an overdose of a barbiturate.
Statistical significance (P < 0.05) was determined using the Wilcoxon signed rank test with each swine as its own control.
Results
VT and f increased significantly after the volume recruitment manoeuvre (Table I ). PaCO2 did not increase significantly following the manoeuvre, and there was no significant change in D(A-a)PO2. Mean baseline CO was 0.22 L . m i n -l . k g -1 and CO decreased to a small but significant extent (p = 0.02).
Mean baseline compliance was 1.7 -+ 0.6 ml.cm HaO -1. kg -1 . Following the volume recruitment manoeuvre, compliance increased by a mean of 17.8 -3.6 per cent over baseline. In one swine in whom the compliance measurements were repeated at 20 sec intervals following the manoeuvre, compliance gradually decreased towards baseline over the subsequent 2.5 minutes (Figure 3) . FRC increased by a mean of 41.1 --+ 18.1 ml. In the three swine in whom FRC was measured by Helium dilution, the mean increase in FRC was 51.9 per cent (Table II) .
The diaphragmatic EMG demonstrated inspiratory activity but no post-inspimtory activity either before or after the volume recruitment manoeuvre (Figure 4 ). After paralysis, post-release FRC was similar to that attained after the manoeuvres carried out during spontaneous ventilation ( Figure 5 ).
The mean duration of the manoeuvre was 29.4 sec with the range from 14.5 to 56.8 sec.
Discussion
The volume recruitment manoeuvre increased FRC by 41.1 ml in seven infant swine during halothane anaesthesia. We believe that this increase was probably due to recruitment of alveoli which are atelectatic during halothane anaesthesia. On the other hand, it is possible that the increase in FRC results from an active mechanism in which post-inspiratory activity of the inspiratory muscles or expiratory braking in combination with a short expiratory time could result in dynamic elevation of FRC. However, we found that there was no post-inspiratory activity of the diaphragm following the manoeuvre (Figure 4 ). In addition, the increase in FRC was also FIGURE 3 Total respiratory compliance measured prior to the volume recruitment manoeuvre as the baseline and every 20 see for 160 sec following the manoeuvre. present during muscle paralysis with vecuronium ( Figure  5 ), thus confirming the lack of an effect of the inspiratory muscles on FRC after the manoeuvre. Therefore the increase in FRC following the manoeuvre is the result of recruitment of alveoli, and this is accompanied by an increase in compliance. Gradual derecruitment of lung volume was demonstrated in one swine by the gradual decrease in compliance to its pre-manoeuvre value over 2.5 minutes following the manoeuvre (Figure 3) .
The volume recruitment manoeuvre itself has been used to measure compliance in human infants 9 by prometing sufficient volume increase to construct a v o l u m epressure (V-P) curve. Compliance was then the cord to 9 any point on the curve. Bradypnoca during a manoeuvre was not noted in their study, and up to five inspirations were used. We noted a marked bradypnoea during the manoeuvre in the infant swine of the present study, and therefore we only porrnitted three inspirations before release of the occlusion. As a result of allowing only three inspirations in the present study, there were not sufficient data points and not enough range of volume to construct and analyze a V-P curve. Therefore, compliance was measured here using the technique described by LcSouef The mean compliance for the infant swine in this study (1.7 ml-cm H20-t. kg-t ) was similar to that reported in a study of healthy newborn swine during anaesthesia (1.77 ---0.41 ml. cm H20 -t . kg-t).t2 As well, CO was within the normal limits for our laboratory. Therefore the infant swine in this study were normovolaemic or suitably compensated. This is important since the application of positive airway pressure may have more deleterious effects in subjects who are unstable haemodynamieaUy.
Mead and Collier s demonstrated that a controlled hyperinflation of the lungs to a peak airway pressure of 40 cm H20 for 10 sec increased compliance and FRC, and postulated that this was due to recruitment of atalectatic lung units in the dependent regions of the lung. Subsequent studies in anaesthetized man have shown a variable effect of hyperitfflation on compliance,4'~-8 but in none of these studies were measurements made of the effects of hyperinflation on FRC or on haemodynamic variables. The different protocols used had in common an increase in airway pressure to 20 to 40 cm H20 for up to 40 sec. These prolonged periods of high airway pressure may have reduced CO and this may be the explanation for the failure to demonstrate improvement in D(A-a)PO2. In none of the above cited studies was CO measured, but in one study the authors stated that "hyperinflafion caused severe cardiovascular disturbances" including the disappearance of the pulse and blood pressure during the inflation and their return following resumption of normal breathing. 7 We speculated that these profound changes in CO caused by hyperinflation could be minimized or eliminated by maintaining spontaneous breathing and by limiting the airway pressure attained during the manoeuvre. The higher airway pressure is only applied intermittently and spontaneous breathing continues throughout the manoeuvre, thereby avoiding the prolonged decrease in tight ventricular preload which is found with continuous positive airway pressure. In fact, we found a slight decrease in CO following the volume recruitment manoeuvre and this was without physiological significance since heart rate, blood pressure and arterial blood gas tensions were unchanged throughout the manoeuvre. The volume recruitment manoeuvre has been applied to infants as a test of respiratory mechanics, and the volume-pressure curve obtained was curvilinear with the convexity of the curve toward the pressure axis. 9 This suggests that volume recruitment increases compliance in infants also. Since the volume recruitment manoeuvre caused minimal physiological disturbance in this study, and has the potentially t~eneficial effects of increasing FRC and compliance during anaesthesia, its further application to anaesthetized humans should be considered. 
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